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Yeast Ras Regulates the Complex that Catalyzes
the First Step in GPI-Anchor Biosynthesis at the ER
effector function (Gibbs and Marshall, 1989). Moreover,
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al., 1996; Wittinghofer and Herrmann, 1995; Wang et al.,
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2002). In all cases, effector association is dependentHoward Riezman,2 and David E. Levin1,*
not only on the nucleotide bound state of Ras, but also1Department of Biochemistry and Molecular Biology
on an intact effector binding loop, a highly conservedBloomberg School of Public Health
region that is exposed for effector interaction throughThe Johns Hopkins University
a conformational change induced by GTP binding (Wit-Baltimore, Maryland 21205
tinghofer and Nassar, 1996). Until recently, Ras proteins2 Department of Biochemistry
were thought to reside exclusively at the cytoplasmicSciences II
face of the plasma membrane. However, Chiu et al.University of Geneva
(2002) demonstrated that signaling from mammalian1211 Geneva
H-Ras and N-Ras is not restricted to this surface, but alsoSwitzerland
occurs at the Golgi and perhaps at the ER, resulting in3 Department of Microbiology
differential activation of its various signaling pathways.University of Illinois
The budding yeast S. cerevisiae possesses two func-Urbana-Champaign
tionally overlapping RAS genes, which share 84% se-Urbana, Illinois 61801
quence identity with their mammalian counterparts4 Department of Medicine
though their N-terminal domains (Kataoka et al., 1984).School of Medicine
Although the essential effector of yeast Ras is adenylylBoston University
cyclase (Toda et al., 1985), an enzyme not regulated byBoston, Massachusetts 02118
Ras in animal cells, loss of yeast Ras function can be
complemented by expression of mammalian Ras genes
(DeFeo-Jones et al., 1985; Kataoka et al., 1985). Con-Summary
versely, a mutationally activated allele of yeast RAS1 is
capable of causing malignant transformation of mouseThe yeast ERI1 gene encodes a small ER-localized
fibroblasts (DeFeo-Jones et al., 1985). The conservationprotein that associates in vivo with GTP bound Ras2
of biological properties among these members of thein an effector loop-dependent manner. We showed
Ras gene family is reflected in the observation that thepreviously that loss of Eri1 function results in hyperac-
effector binding loops of yeast Ras are identical to thosetive Ras phenotypes. Here, we demonstrate that Eri1
of mammalian Ras.is a component of the GPI-GlcNAc transferase (GPI-
The cell wall of S. cerevisiae is required to maintainGnT) complex in the ER, which catalyzes transfer of
cell shape and integrity (Orlean, 1997). The cell must
GlcNAc from UDP-GlcNAc to an acceptor phosphati-
remodel this rigid structure during vegetative growth
dylinositol, the first step in the production of GPI-
and during pheromone-induced morphogenesis. Wall
anchors for cell surface proteins. We also show that remodeling is monitored and regulated by the cell wall
GTP bound Ras2 associates with the GPI-GnT com- integrity signaling pathway controlled by the Rho1
plex in vivo and inhibits its activity, indicating that yeast GTPase and Pkc1 (reviewed in Gustin et al., 1998). Active
Ras uses the ER as a signaling platform from which Rho1 binds to and stimulates protein kinase C, which
to negatively regulate the GPI-GnT. We propose that is encoded by PKC1. Loss of PKC1 function, or of any
diminished GPI-anchor protein production contributes of the components of the MAP kinase cascade under
to hyperactive Ras phenotypes. its control (Levin and Errede, 1995), results in a cell
lysis defect that is attributable to a deficiency in cell
Introduction wall construction.
We described previously the isolation of mutants with
The Ras family of small GTPases comprises a group of growth defects that were both additive with that of a
molecular switches that, in the GTP bound active state, temperature-sensitive pkc1 mutant (stt1-1) and dis-
transmit signals by interaction with effector proteins. played temperature-sensitive growth defects by them-
Ras proteins regulate cell proliferation, differentiation, selves (Romeo et al., 2002). Among these mutants, one
and metabolism, and are mutated in approximately 30% was defective in a previously uncharacterized nORF
of human cancers (reviewed in Shields et al., 2000). (YPL096c-A) of 68 amino acids. We designated this gene
The three forms of mammalian Ras (H-Ras, K-Ras, and ERI1 (Endoplasmic Reticulum-associated Ras Inhibitor
1 ) based on three criteria (Sobering et al., 2003). First,N-Ras) are identical through their N-terminal 85 resi-
ERI1 behaves genetically as an inhibitor of Ras pathwaydues, which possess the structural features necessary
signaling. An eri1 mutant displays phenotypes similarfor guanine nucleotide exchange, GTPase activity, and
to hyperactive Ras pathway mutants, including heat
shock sensitivity and filamentous/invasive growth.*Correspondence:levin@jhmi.edu
Moreover, suppression of these phenotypes by down-5These authors contributed equally to this work.
regulation of Ras signaling indicated that they are de-6Present address: INSERM Unite´ 344-Endocrinologie Mole´culaire
Faculte´ de Me´decine Necker, 75730 Paris Cedex 15, France. pendent on Ras function. Second, Eri1 associates in vivo
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with GTP bound Ras2 in an effector loop-dependent synthesis of chitin, glycosylphosphatidylinositol (GPI)-
anchors, and N-glycosylation of proteins (Figure 2B).manner, suggesting that Ras binds Eri1 or an Eri1-con-
taining complex through its effector binding loop. Third, N-glycosylated proteins serve important functions in the
vacuole, on the cell surface, and in cell cycle progressionEri1 possesses at least one transmembrane domain,
which tethers it to the ER, where it interacts with Ras. (Jones et al., 1997; Orlean, 1997). By contrast, both chitin
and GPI-proteins function principally on the cell surface.However, the temperature-sensitive growth defect of
eri1 cells is not a characteristic associated with hyper- Chitin is a minor, but essential carbohydrate component
of the cell wall made up of polymers of GlcNAc (Cabib,active Ras signaling, suggesting that Eri1 serves another
function that is separate from its association with Ras. 1987). GPI-anchored proteins comprise the major pro-
teinaceous component of the cell wall (Kapteyn et al.,Glycosylphosphatidylinositol (GPI) is a complex gly-
colipid that acts as a membrane anchor for many cell 1999). UDP-GlcNAc is used in the first step in the pro-
duction of GPI-anchors in the ER, which are subse-surface proteins (Kinoshita and Inoue, 2000). It is synthe-
sized in the endoplasmic reticulum (ER) and transferred quently attached to target proteins in that compartment
(Hamburger et al., 1995; Popolo and Vai, 1999). GPI-to the C termini of proteins that possess a GPI attach-
ment signal sequence. In yeast, GPI-proteins comprise anchored proteins are transported to the cell surface
where they are tethered to the plasma membrane bya major component of the cell wall (Kapteyn et al., 1999).
Here, we identify Eri1 as a component of the glycosyl- their lipid anchors. In many cases, the anchors are ulti-
mately clipped to liberate the proteins for covalent at-phosphatidylinositol-N-acetylglucosaminyltransferase
(GPI-GnT), an enzyme complex that catalyzes the first tachment to cell wall carbohydrates.
An alternative pathway for the production of UDP-step in GPI-anchor biosynthesis (Watanabe et al., 2000).
We also demonstrate that GTP bound Ras2 associates GlcNAc is through salvage of exogenous glucosamine,
which can be phosphorylated by the hexokinases. In-with the GPI-GnT complex in an effector loop-depen-
dent manner and inhibits its catalytic activity. deed, gfa1 mutants are glucosamine auxotrophs (Wat-
zele and Tanner, 1989). To confirm that GFA1 overex-
pression was suppressing the eri1 growth defect byResults
driving glucosamine-6-phosphate (and ultimately UDP-
GlcNAc) synthesis, we tested the ability of exogenousAn eri1 Mutant Displays Growth Arrest at 37C
glucosamine to suppress the eri1 growth defect atand a Cell Wall Defect at Permissive Temperatures
37C. Figure 2C shows that glucosamine crystals, butAlthough the eri1 mutant grows normally at 23C, it
not glucose crystals, were capable of suppression.fails to grow at 37C (Sobering et al., 2003 and Figure
1A). Because we isolated the eri1 mutant in a synthetic
lethal screen with a pkc1ts allele, we reasoned that it The eri1 Mutant Hyperaccumulates Chitin
might display a cell wall defect. Indeed, the growth de- Suppression by GFA1 overexpression or exogenous glu-
fect of eri1 cells at elevated temperature was partially cosamine (GFA1/glucosamine) is not a general charac-
suppressed by addition of sorbitol to the medium for teristic of mutants with cell wall defects (A.K.S. and
osmotic support (Figure 1A), a characteristic of mutants D.E.L., unpublished observations), suggesting that eri1
with cell wall defects. Moreover, we found that eri1 cells suffer a specific deficiency in a process that re-
cells grown either to mid-log phase or to stationary quires UDP-GlcNAc. Because GFA1/glucosamine treat-
phase at 23C are extremely sensitive to cell lysis by ment increases chitin levels in wild-type cells by increas-
treatment with the wall lytic enzyme zymolyase (Figure ing synthesis of UDP-GlcNAc (Bulik et al., 2003), we
1B), confirming that this mutant exhibits a cell wall de- explored the possibility that the eri1 mutant was defi-
fect. Microscopic analysis of the eri1 mutant at restric- cient in producing chitin. We examined the cell wall
tive temperature revealed that it displays a rapid growth chitin content in the eri1 mutant, and found unexpect-
arrest that is nonuniform with respect to the cell cycle. edly that it was elevated 3-fold over wild-type levels (18
However, when eri1 cells that had been growth ar- versus 6 nmol GlcNAc/mg cells). In fact, microscopic
rested for 4 hr at 37C were shifted to permissive temper- examination of eri1 cells stained with calcoflour white,
ature, most were able to recover (67% survival), indicat- a chitin binding fluorescent dye, revealed that they de-
ing that eri1 cells undergo a reversible growth arrest, posit large amounts of chitin in the lateral cell wall (Figure
rather than cell lysis at restrictive temperature. 2D). Oddly however, this mutant deposited chitin only
in the mother cell wall, apparently excluding it from the
bud. We next examined the level of GFA1 expression inThe eri1 Mutant Growth Defect Is Suppressed
by Increased UDP-GlcNAc Levels the eri1mutant using a GFA1::lacZ reporter, and found
it to be similarly elevated (155 U in eri1 versus 54 U inTo gain an understanding of the cause of the eri1 mu-
tant growth arrest, we screened a 2  genomic yeast wild-type), suggesting that this mutant enhances chitin
production by increasing the intracellular concentrationlibrary for multicopy suppressors of the growth defect
at 37C. Four identical plasmids with a 6.7 kb insert of UDP-GlcNAc.
Some cell wall mutants (e.g., fks1, gas1) have beenbearing GFA1, LAP4, and YKL102C were recovered from
this screen. Deletion analysis revealed that the responsi- reported to hyperaccumulate chitin in the lateral cell
wall (Osmond et al., 1999; Valdivieso et al., 2000). Thisble gene was GFA1 (Figure 2A), which encodes gluta-
mine: fructose-6-phosphate amidotransferase (Watzele is thought to be an emergency response to cell wall
stress that is executed by chitin synthase 3 (Chs3). Theand Tanner, 1989). Gfa1 catalyzes the production of
glucosamine-6-phosphate, which is the first committed synthetic lethality of fks1 chs3 mutants (Osmond et
al., 1999) and severe growth defect of gas1 chs3and rate-limiting step in the production of UDP-N-acetyl-
glucosamine (UDP-GlcNAc; Orlean, 1997) for the bio- mutants (Valdivieso et al., 2000) supports this conclu-
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Figure 1. An eri1 Mutant Displays a Cell
Wall Defect
(A) The temperature-sensitive growth defect of
eri1 cells is partially suppressed by sorbitol.
Yeast strain DL2522 (eri1) was transformed
with centromeric plasmid pRS316[ERI1], or
pRS316 (vector). Transformants were streaked
onto YEPD or YEPD supplemented with 10%
sorbitol and incubated at 37C for three days.
(B) An eri1 mutant is hypersensitive to lysis
by treatment with the cell wall digestive en-
zyme zymolyase. A wild-type (1783) and eri1
yeast strain (DL2522) were grown in YEPD
either to mid-log phase (filled symbols), or to
saturation (open symbols), washed and re-
suspended in water to an initial density of A600
0.55 prior to treatment with Zymolyase 20T
(150g/ml). Cell lysis was assessed by A600
measurements at the indicated times.
sion. One interpretation of our results is that eri1 cells amine suppress the growth defect of eri1 by driving
chitin biosynthesis through Chs3, the eri1 chs3 dou-are deficient in some aspect of cell wall biogenesis, for
which they compensate by hyperaccumulating chitin. In ble mutant should not be suppressed by these treat-
ments. Either overexpression of GFA1 (Figure 2E), orthis case, the mechanism by which GFA1/glucosamine
suppresses the eri1 growth defect would be through exogenous glucosamine (data not shown) suppressed
the growth defect of the double mutant without causingassisting their effort to produce chitin. To test this possi-
bility, we deleted the normally nonessential CHS3 gene hyperaccumulation of chitin (Figure 2D), indicating that
chitin production is not the mechanism by which in-in an eri1 mutant, making three predictions for the
behavior of the double mutant. First, the eri1 chs3 creased UDP-GlcNAc synthesis suppresses the eri1
growth defect. Therefore, chitin hyperaccumulation inmutant should fail to hyperaccumulate chitin. Figure 2D
shows that this prediction was borne out. Second, if the eri1 mutant appears to be an incidental side effect
of elevated UDP-GlcNAc concentration.chitin hyperaccumulation is an important adaptive re-
sponse for survival of eri1 cells, the double mutant
should be appreciably less healthy than the eri1 mu- The eri1 Mutant Is Deficient in Maturation
of GPI-Anchor Proteins in the ERtant. Significantly, this prediction was not borne out,
because the minimally restrictive temperature of the What is the importance of increased UDP-GlcNAc syn-
thesis in the survival of eri1 cells? The exclusion ofdouble mutant (36C; data not shown) was only one
degree lower than that of the eri1 mutant, suggesting chitin leaves production of N-glycosylated proteins and
GPI-anchored proteins as the only other known usesthat excess chitin deposition is not important for their
survival. Third, and most importantly, if GFA1/glucos- for UDP-GlcNAc. To determine if eri1 cells display a
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Figure 2. The eri1 Mutant Growth Defect Is Suppressed by Overexpression of GFA1 or by Exogenous Glucosamine
(A) Yeast strain DL2522 (eri1), transformed with 2  plasmid pRS202[GFA1], centromeric plasmid pRS316[ERI1], or pRS316 (vector), was
streaked onto YEPD and incubated for three days at 37C.
(B) Gfa1 catalyzes the first committed step in the production of UDP-GlcNAc for the biosynthesis of N-glycosylated proteins, chitin, and
GPI-anchors.
(C) A saturated culture of strain DL2522 was spread onto a YEPD plate, which was then sprinkled with glucosamine (left) and glucose (right)
and incubated for three days at 37C.
(D) Fluorescence micrographs of diploid yeast strains 1788 (wild-type), DL2524 (eri1), DL2800 (eri1 chs3), and DL2800 bearing
pRS202[GFA1], grown for 24 hr at 30C on YEPD plates and stained for chitin with calcofluor white (CFW; 1 mg/ml). CFW staining was
visualized by fluorescence microscopy using a UV filter.
(E) The growth defect of an eri1 chs3 mutant is suppressed by GFA1 overexpression. Strain DL2800, transformed with pRS202[GFA1],
pRS316[ERI1], or pRS316 (vector), was streaked onto YEPD and incubated for three days at 36C.
deficiency in the biosynthesis or trafficking of either 3A) revealed that CPY is processed with wild-type kinet-
ics in eri1 cells, indicating that protein N-glycosylationof these types of secreted proteins, we examined the
kinetics of maturation of Gas1 and carboxypeptidase Y is normal in the mutant. By contrast, the maturation of
Gas1 from the ER-modified form to the Golgi-modified(CPY). Gas1 is an abundant GPI-anchored protein that
undergoes O-linked and N-linked glycosylation in the form was retarded in the eri1 mutant (Figure 3A). In-
deed, an immunoblot of Gas1 (Figure 3B) shows thatER and Golgi in addition to its lipid anchor modification
(Popolo and Vai, 1999). Fully glycosylated Gas1 migrates approximately 50% of this GPI-protein exists in an un-
derglycosylated state. The eri1 mutant accumulated aas a 125 kDa band. In mutants impaired either in GPI-
anchoring, or ER-to-Golgi protein transport, Gas1 accu- 105 kDa form of Gas1, even when grown under permis-
sive conditions (23C), suggesting that export of thismulates as a 105 kDa ER-modified form (Nuoffer et al.,
1993). CPY is a vacuolar protein that is N-glycosylated protein from the ER is retarded. Strikingly, the undergly-
cosylated form of Gas1 was chased to the mature formin the ER and Golgi prior to its transport to the vacuole
where it is proteolytically processed to its mature form by addition of 10 mg/ml glucosamine to the growth me-
dium. Because GPI anchoring is necessary for the effi-(Jones et al., 1997). A pulse-chase experiment (Figure
Yeast Ras Signaling at the ER
641
Figure 3. An eri1 Mutation Retards Gas1, a
GPI-Anchored Protein in the ER
(A) ER-to-Golgi transport of Gas1 is specifi-
cally delayed in eri1 mutant cells. Yeast
strains 1788 (wild-type) and DL2680 (eri1)
were preincubated at 24C, labeled with [35S]-
methionine and chased for the indicated peri-
ods of time. Extracts were processed for im-
munoprecipitation of Gas1 and CPY, and
separated by SDS-PAGE. Radioactivity was
measured by phosphorimaging. The percent-
age of mature Gas1p is shown.
(B) Steady-state detection of the ER-modified
form of Gas1 in an eri1 mutant. Protein (50
g) from crude extracts of yeast cells grown
to log phase at 23C in YEPD, or YEPD sup-
plemented with 10 mg/ml glucosamine (GlcN)
were separated by SDS-PAGE and subjected
to immunoblot detection of Gas1. Strains
were DL2832 (gas1), 1783 (wild-type), and
DL2522 (eri1).
cient exit of GPI proteins from the ER, these results these possibilities, we examined GPI-anchor produc-
tion, the first three steps of which can be detected bysuggest that GFA1/glucosamine suppresses the eri1
growth defect by driving GPI-anchor production. thin layer chromatographic separation of products la-
beled in vitro with UDP-[14C]GlcNAc (Costello and Or-
lean, 1992; Scho¨nba¨chler et al., 1995). Production of allThe eri1 Mutant Is Deficient in the First Step
three intermediates (GlcNAc-PI, GlcN-PI, and GlcN-acy-of GPI-Anchor Production
PI) was defective in microsomes derived from the eri1The accumulation of GPI-proteins in the ER can result
mutant (Figure 4B), indicating a deficiency in the firstfrom either of two deficiencies. First, because GPI-
step of anchor production, transfer of GlcNAc to ananchor attachment is required for exit of GPI target pro-
acceptor PI, yielding GlcNAc-PI. This step is catalyzedteins from the ER (Nuoffer et al., 1993; Hamburger et
by the GPI-GlcNAc transferase (GPI-GnT) and requiresal., 1995; Doering and Schekman, 1996), a failure to
the function of at least four other proteins in yeast, Gpi1,produce or attach anchors would result in the accumula-
Gpi2, Gpi3, and Gpi15, which are thought to act as ation of unanchored GPI-proteins in the ER. Second, mu-
complex at the ER (Leidich et al., 1995; Leidich andtants that are specifically deficient in ER-to-Golgi trans-
Orlean, 1996, Yan et al., 2001). Mutants in GPI1, 2, andport of GPI-anchored proteins have been described
3 behaved similarly to the eri1 mutant in this assay(Su¨tterlin et al., 1997). To distinguish between these defi-
(Figure 4B). However, eri1 cells retained approximatelyciencies, we examined GPI-anchor attachment to Gas1
2% of the wild-type level of GPI-GnT activity, whereas noin the eri1mutant. Anchor attachment, which increases
activity was detected in the other mutants. The activitythe hydrophobicity of target proteins, was detected by
of a control ER enzyme, Dol-P-glucose synthase, waspartitioning GPI-anchored proteins from unanchored
normal in the same microsomes (Figure 4C). Therefore,proteins using the nonionic detergent, Triton X-114 (Su¨t-
we conclude that the cell wall and growth defects ofterlin et al., 1997). The pulse-chase experiment shown
eri1 cells result from a deficiency in GPI-GnT activity.in Figure 4A demonstrates that eri1 cells are partially
deficient in anchoring of Gas1, with 40% being found
in the primary aqueous phase in eri1 cells as compared Eri1 and GTP Bound Ras2 Associate
with the GPI-GnT Complexwith 16% in wild-type after a 15 min chase.
An anchoring deficiency could result either from a To determine if Eri1 resides within the yeast GPI-GnT
complex, we asked if Eri1 could be found in associationdefect in GPI-anchor production, or a defect in the at-
tachment of mature anchors. To distinguish between with Gpi2 in vivo. For this purpose, Gpi2 was fused at
Cell
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Figure 4. An eri1 Mutant Is Deficient in GPI-Anchor Production
(A) GPI-anchor attachment to Gas1 is retarded in eri1 cells. Yeast
strains 1788 (wild-type) and DL2680 (eri1) were preincubated at
24C, labeled with [35S]-methionine and chased for 15 min. Cell ex-
Figure 5. Eri1 and GTP-Bound Ras2 Associate In Vivo with Gpi2tracts were prepared and solubilized with Triton X-114 (1% final
(A) Eri1 associates with Gpi2. Extracts from a wild-type yeast strainconcentration). After partitioning into detergent (D1) and aqueous
(1788), cotransformed with pYeF1::TRP1[ERI1] (expresses HAEri1 un-(A1) phases, the detergent phase was incubated in the presence or
der the inducible control of the GAL1 promoter) and eitherabsence of phosphatidylinositol-specific phospholipase C (PI-PLC)
pRS425MET25 [Flag-GPI2] (constitutively expresses FlagGpi2) orto remove anchors. Phases were reextracted (A2 and D2), processed
pRS425MET25 [GPI2] (expresses untagged Gpi2), were processedfor Gas1 immunoprecipitation, and separated by SDS-PAGE. Radio-
for immunoprecipitation (IP) with -Flag antibodies. Input proteinactivity was measured by phosphorimaging. Unanchored Gas1 seg-
(12 g) and a fraction of the IP corresponding to 12 g of inputregated into the primary aqueous phase, while anchored Gas1 parti-
protein were separated by SDS-PAGE and subjected to immunoblottioned into the primary detergent phase and shifted into the aqueous
detection of FlagGpi2 (-Flag; top) or HAEri1 (-HA; lower). The posi-phase after phospholipase C treatment.
tions of molecular mass markers are indicated on the left.(B) In vitro assay for the early steps of GPI-anchor biosynthesis.
(B) Gpi2 associates with Ras2 in a GTP- and effector loop-dependentMicrosomal fractions (400 g protein) from extracts of yeast strains
manner. Extracts were prepared from a wild-type strain (1788) coex-were incubated with UDP-[14C]GlcNAc for 45 min at 30C. The lipids
pressing FlagGpi2 (from pGAL::TRP1[Flag-GPI2]) with GST (fromwere extracted and analyzed by TLC. Strains were: 1788 (WT),
pEGKG), GST-Ras2 (WT), GST-Ras2V19 (V19), or GST-Ras2V19 A42 (V19DL2680 (eri1), DL2831 (gpi1), DL2828 (gpi2), and DL2829 (gpi3).
A42) all under the control of the GAL1 promoter. GST and GST-For identification of GPI-anchor intermediates after lipid extraction,
Ras2 fusions were precipitated with glutathione Sepharose beadsthe radiolabeled lipids were divided and treated with PI-PLC or
and detected by immunoblot (upper image). Associated FlagGpi2 wasbuffer alone. Only GlcN-acyl-PI is resistant to PI-PLC. Identities of
also detected by immunoblot (lower image).spots are indicated on the left.
(C) Dol-P-glucose synthase activity is normal in eri1 cells. The
microsomal fractions used in (B) (100 g) were incubated with UDP-
[3H]glucose to assay Dol-P-glucose synthase as a control ER en- tracts made in the presence of nonionic detergent (0.5%
zyme activity. NP-40) to disrupt membranes coprecipitated a fraction
of the HAEri1 (Figure 5A). The observed coprecipitation
reflects a true association of HAEri1 with FlagGpi2, because
HAEri1 was not detected in control precipitations eitherits N terminus to a Flag epitope (FlagGpi2) and overex-
pressed from the MET25 promoter in yeast cells overex- with untagged Gpi2 or in the absence of anti-Flag anti-
bodies.pressing HAEri1. Immunoprecipitation of FlagGpi2 from ex-
Yeast Ras Signaling at the ER
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We demonstrated previously that Eri1 associates spe- 5% of wild-type activity). Dol-P-glucose synthase and
Dol-P-mannose synthase activities in the same micro-cifically with GTP bound Ras2 in vivo (Sobering et al.,
2003). Because Eri1 also associates with the Gpi2 sub- somes were unaffected by the state of Ras2 (Figure 7A).
Time courses for GPI-GnT activity (Figure 7B) revealedunit of the GPI-GnT complex, we tested the possibility
that GTP-Ras2 associates with this complex in vivo. that loss of RAS2 function increased activity by 8–11-
fold (Figure 7C), resulting in a range of activity of approxi-Glutathione-S-transferase (GST)-tagged wild-type Ras2,
or a constitutively GTP bound form (GST-Ras2V19) was mately 200-fold depending on the state of Ras2.
coexpressed in yeast cells with FlagGpi2. GST-Ras2 was
affinity purified from cell extracts and tested for associa- Discussion
tion with FlagGpi2 by immunoblot analysis. Figure 5B
shows that wild-type Ras2 associates poorly with Gpi2, We show here that the yeast Eri1 protein, which we
but constitutively active Ras2V19 associates well with the demonstrated previously associates in vivo with GTP
GPI-GnT subunit. Because wild-type yeast Ras2 exists bound Ras in an effector-like manner (Sobering et al.,
predominantly in the GDP bound state in vivo, whereas 2003), is a component of the ER-localized GPI-GnT com-
the constitutively active Ras2V19 is “locked” in the GTP plex. This enzyme catalyzes the first step in the biosyn-
bound state (Gibbs and Marshall, 1989), the observed thesis of GPI-anchors for attachment to many proteins
difference in association between the two forms reflects destined for the cell surface. We present evidence that
the difference in bound nucleotides. The interaction be- yeast Ras signals from the ER by associating with and
tween Eri1 and Ras2 requires an intact Ras effector inhibiting the activity of the GPI-GnT complex.
binding loop (Sobering et al., 2003). Therefore, we tested We isolated ERI1 through a genetic screen for mutants
the effector binding loop requirement for the GTP-Ras2 that displayed both additive growth defects with a tem-
interaction with Gpi2. Figure 5B shows that a mutation perature-sensitive allele of PKC1, and temperature-sen-
that blocks Ras-effector interactions (T42A) also dimin- sitive growth defects by themselves (Romeo et al., 2002).
ished the interaction between Ras2V19 (Ras2V19, A42) and Because pkc1 mutants are deficient in signaling cell wall
Gpi2, suggesting that GTP bound Ras2 associates with stress, and therefore construct weak cell walls (Levin
the GPI-GnT complex through its effector binding loop. and Errede, 1995), we anticipated that an eri1 mutant
would also display a cell wall defect. Indeed, we found
that the temperature-sensitive growth defect of an eri1A gpi1 Mutant Displays Hyperactive
Ras Signaling mutant is partially remedied by sorbitol provided in the
medium as an osmotic stabilizer, and that this mutantAmong the previously known components of the yeast
GPI-GnT complex, Gpi1 is the only subunit that is not was hypersensitive to the cell wall lytic enzyme, zymoly-
ase. However, unlike mutants in the Pkc1-regulated cellessential (Leidich and Orlean, 1996; Yan et al., 2001).
Like an eri1 mutant, a gpi1 mutant is temperature- wall integrity-signaling pathway, eri1 cells displayed a
reversible growth arrest at restrictive temperature, indi-sensitive for growth. A gpi1 mutant constructed in the
EG123 strain background behaved similarly to an eri1 cating that they do not undergo cell lysis.
strain with respect to zymolyase sensitivity, chitin accu-
mulation, and suppression of its growth defect by GFA1/ A Deficiency in GPI-Anchor Protein Production
glucosamine (data not shown). Therefore, we asked if Is Responsible for the Growth and Cell Wall
the similarities in behavior of these mutants extended Defects of eri1 Cells
to the hyperactive Ras phenotypes of filamentation and We found that elevation of the intracellular concentra-
agar invasion also associated with the eri1 mutant. A tion of UDP-GlcNAc, either by overexpression of the
diploid gpi1mutant displayed filamentation (Figure 6A) GFA1 gene, or by addition of glucosamine to the growth
and agar invasion at the semipermissive temperature medium, suppressed the eri1 growth defect. Among
of 26C (Figure 6B). Similar to an eri1 mutant, these the three known cellular uses for UDP-GlcNAc, eri1
phenotypes were temperature-dependent and were cells were found to be specifically deficient in GPI-
suppressed by deletion of RAS2 (Figures 6A and 6B; anchor production, which causes them to accumulate
Sobering et al., 2003), which is required for filamentous/ unanchored GPI-proteins in the ER. Because GPI-pro-
invasive growth (Mosch et al., 1999). The ras2mutation teins comprise a major component of the yeast cell wall,
did not suppress the growth defect of gpi1 cells at the wall defect of an eri1 mutant can be explained by
30C (data not shown). a deficiency of GPI-proteins at the cell surface. Our
finding that the growth defect of eri1 cells is sup-
pressed by ectopic overexpression of GFA1 evenRas2 Inhibits GPI-GnT Activity
Because Ras2 associates with components of the GPI- though this mutant naturally overexpresses GFA1 may
seem paradoxical. However, we propose that the eri1GnT complex, and mutants in nonessential subunits dis-
play phenotypes characteristic of hyperactive Ras sig- mutant attempts to drive GPI-anchor production by in-
creasing the intracellular concentration of UDP-GlcNAcnaling, we examined the effect of Ras2 mutations on
GPI-GnT activity. GPI-GnT activity was measured in mi- through induction of GFA1 expression. Suppression of
the eri1 growth defect by further ectopic expressioncrosomes prepared from wild-type, ras2, or RAS2-V19
cells. Microsomes lacking Ras2 displayed greater GPI- of GFA1, or by exogenous glucosamine works by as-
sisting the mutant in its effort to increase GPI-anchorGnT activity than those with wild-type Ras2 (Figure 7A),
indicating that Ras2 activity inhibits GPI-GnT activity. production.
A related paradox was the finding that although eri1Supporting this conclusion was the finding that GPI-
GnT activity was barely detectable in microsomes with cells are deficient in synthesizing one product of UDP-
GlcNAc (GPI-anchors), they hyperaccumulated another.Ras2V19 (Figures 7A and 7B; estimated to be less than
Cell
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Figure 6. Hyperactivation of Ras Pathway Signaling in a gpi1 Mutant
(A) A gpi1 mutant displays filamentous growth. Single colonies of diploid yeast strains were photographed after growth for 24 hr on YEPD
at the indicated temperatures. Strains are: wild-type (1788), gpi1 (DL2920), and gpi1 ras2 (DL2931).
(B) A gpi1 mutant displays invasive growth. The same strains as in (A) were streaked onto a YEPD plate and allowed to grow at 26C for
three days (total growth). Nonadherent cells were washed from the plate with distilled water, and the plate was incubated for an additional
two days at 23C to reveal invasive growth.
The eri1 mutant deposits large amounts of chitin in the shown to result from a defect in the first step of GPI-
anchor production, the biosynthesis of GlcNAc-PI fromlateral wall of the mother cell. However, because we
found that chitin hyperaccumulation was not important UDP-GlcNAc and PI. This glycosyl transfer reaction is
catalyzed at the ER by the GPI-GnT. We propose thateither for survival of eri1 cells, or for suppression of
their growth defect by GFA1/glucosamine, we propose suppression of the eri1growth defect by GFA1/glucos-
amine works by driving synthesis of GlcNAc-PI by massthat this is an unintended consequence of elevated
UDP-GlcNAc synthesis, the rate-limiting step in chitin action through elevated UDP-GlcNAc concentration. In-
deed, in vitro GPI-GnT activity was modestly enhancedproduction (Orlean, 1997). This conclusion is supported
by the observation that eri1 cells restrict deposition of in eri1 membranes (2-fold) relative to wild-type by in-
creased UDP-GlcNAc (16 normal assay concentration;their excess chitin to the place least affected by its
presence—the walls of mother cells. Because the B.C.Y., unpublished data).
In yeast, at least four proteins are required for themother cell wall is a relatively static structure as com-
pared with the bud, we suggest that it can accept large GPI-GnT reaction (Gpi1, Gpi2, Gpi3, and Gpi15; Leidich
et al., 1995; Scho¨nba¨chler et al., 1995; Leidich and Or-amounts of chitin without impairing cell division. This
fortuitous hyperaccumulation of chitin in eri1 cells is lean, 1996; Yan et al., 2001), which are believed to func-
tion as a complex that is similar in composition to thein contrast to the genuine “chitin emergency response”
displayed by some cell wall mutants (e.g., fks1, gas1, unusually elaborate mammalian GPI-GnT complex (Ki-
noshita and Inoue, 2000). The only GPI-GnT subunit toetc; Osmond et al., 1999; Valdivieso et al., 2000). A distin-
guishing feature of these mutants from eri1 is the im- which a biochemical function has been assigned is Gpi3,
which is likely to be the catalytic subunit of the complexportance of chitin hyperaccumulation to their survival.
because it resembles members of a glycosyltransferase
family and it binds a photoactivatable UDP-GlcNAc ana-Eri1 Is a Subunit of the Yeast GPI-GnT Complex
We found that the eri1 mutant is deficient in anchoring log (Kostova et al., 2000).
We demonstrated that Eri1, which localizes predomi-the GPI-protein Gas1. Its anchoring deficiency was
Yeast Ras Signaling at the ER
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Figure 7. Ras2 Inhibits GPI-GnT Activity
(A) In Vitro assay for GPI-GnT activity. Yeast
strain DL838 (ras2::LEU2) was transformed
with centromeric plasmids bearing wild-type
RAS2, constitutive RAS2-V19, or empty vec-
tor. Microsomal fractions (100 g protein)
from extracts of yeast strains were incubated
with UDP-[14C]GlcNAc for 30 min. at 30C to
measure GPI-GnT activity. The same micro-
somal fractions were incubated with UDP-
[14C]-glucose or GDP-[14C]-mannose to assay
Dol-P-glucose synthase, or Dol-P-mannose
synthase, respectively as control ER enzyme
activities. The lipids were extracted and ana-
lyzed by TLC.
(B) Time course for GPI-GnT activity. Yeast
strain DL838 (ras2::LEU2) was transformed
with the same plasmids as in (A) and GPI-
GnT assays using microsomal fractions from
extracts of these transformants were con-
ducted at 30C for the indicated times. Lipids
were treated as in (A) and a representative
TLC is shown.
(C) Quantitation of GPI-GnT activity in ex-
tracts from wild-type and ras2 cells. Time
courses for GlcNAc-PI production were con-
ducted as in (B). GlcNAc-PI production was
quantified by phosphorimager, and the
means with standard deviations from six in-
dependent experiments were plotted nor-
malizing signal to that of the 90 min time point
for ras2 extracts.
nantly to the ER (Sobering et al., 2003), associates in vivo (Sobering et al., 2003). However, because this associa-
tion was detected in vivo, we could not exclude thewith Gpi2, suggesting that these proteins reside in a
possibility that Eri1 associates indirectly with Ras2common complex. The mammalian GPI-GnT complex
through a bridging protein. We showed here that GTP-possesses six identified subunits (Kinoshita and Inuoe,
Ras2 also associates in vivo with Gpi2 in an effector2000) and a putative seventh subunit with an apparent
loop-dependent manner, indicating that active Ras2molecular mass of 5 kDa whose identity has not been
binds to the GPI-GnT complex. Although it is not yetdetermined (Watanabe et al., 2000). The similarity in
clear which GPI-GnT subunit makes direct contact withsize of this subunit to Eri1 raises the possibility that
Ras, Eri1 is not required for Ras association with thean Eri1 homolog resides within the mammalian GPI-
complex (M.J.R., unpublished data). We also found thatGnT complex.
a gpi1 mutant behaves similarly to an eri1 mutant in
all respects, including its hyperactive Ras phenotypes
GTP Bound Ras2 Associates with and Inhibits (i.e., filamentation and agar invasion), suggesting a con-
the GPI-GnT Complex nection between GPI-GnT activity and Ras signaling.
We showed previously that an eri1 mutant displays We found that GTP-Ras2 inhibits the catalytic activity
phenotypes associated with hyperactive Ras signaling, of the GPI-GnT complex. A ras2 mutant displayed ap-
and that Eri1 associates with GTP bound Ras2 in a proximately 10-fold greater GPI-GnT activity than wild-
type, and a constitutively active RAS2 mutant was nearlymanner dependent on the Ras2 effector binding loop
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637/DC1. Yeast cultures were grown in YEPD (1% Bacto yeast ex-devoid of activity, resulting in an activity range of ap-
tract, 2% Bacto Peptone, 2% glucose) with or without 10% sorbitol,proximately 200-fold depending on the state of Ras2.
or SDYE (0.67% Yeast nitrogen base, 0.2% Bacto yeast extract, 2%These results implicate GPI-GnT as a Ras effector
glucose) supplemented with the appropriate nutrients to select for
whose activity is negatively regulated by Ras. To our plasmids and gene replacements. Escherichia coli DH5 was used
knowledge, this is the first example of a Ras effector to propagate all plasmids. E. coli cells were cultured in Luria broth
whose catalytic activity is inhibited by the G protein. medium (1% Bacto Tryptone, 0.5% Bacto yeast extract, 1% NaCl)
and transformed to carbenicillin resistance by standard methods.We propose that the hyperactive Ras phenotypes as-
sociated with mutations in GPI-GnT subunits are a con-
Genomic Deletions, Plasmids, and Library Screensequence of diminished transferase activity, which mim-
For details of genomic deletions for CHS3, GPI1, and ERI1 in theics the inhibitory effect of GTP bound Ras on the
EG123 strain background, and construction of GPI2 expression
enzyme. The finding that a conditional mutant in attach- plasmids, see Supplemental Data available on Cell website.
ment of complete GPI anchors to target proteins (gaa1) A genomic 2URA3-marked library (in pRS202; gift of F. Spencer)
displays filamentation/invasion phenotypes similar to was used to isolate dosage suppressors of the eri1 growth defect
in DL2524 by the method described for isolation of suppressors ofthose of eri1 and gpi1 mutants (D.E.L., unpublished
hlt1 (Romeo et al., 2002). Four identical plasmids were isolateddata) supports the notion that diminished GPI-protein
(p1526) that possessed GFA1, LAP4, and YKL102C. Deletion of aproduction contributes to these hyperactive Ras pheno-
BamHI fragment removed the entire insert except GFA1 and itstypes.
regulatory sequences. The resulting plasmid (p1531) was capable
The results described here suggest that inhibition of of suppressing the eri1 growth defect. To create the GFA1 reporter
GPI-GnT activity is a pivotal function of Ras signaling plasmid, pGFA1::lacZ (p1532), the promoter sequence of GFA1 (1
that acts in parallel with stimulation of adenylyl cyclase, kb 5 to the translational start) was amplified by PCR from p1531
using a primer that placed a start codon and a BamHI site at the 3the established effector of Ras in yeast. We found that
end of the promoter. This fragment was cloned into pLG178 (Guar-the hyperactive Ras phenotypes of mutants in the GPI-
ente and Mason, 1983) by SmaI-BamHI, placing lacZ expressionGnT are suppressed by loss of Ras2 function (Sobering
under the control of GFA1 regulatory sequences.
et al., 2003, and Figure 6). This suppression may result
either from a compensatory increase in GPI-GnT activity, Assays for Zymolyase Sensitivity and Chitin
or from diminished adenylyl cyclase activity. We favor Zymolyase sensitivity was measured as described (Sobering et al.,
the latter explanation, because the failure of ras2 to 2002). Chitin was measured by the method described in Bulawa
(1992).suppress the high-temperature growth defects of GPI-
GnT mutants, which result from a deficiency in GPI-
Fluorescence Microscopy of Calcofluor White-Treated Cellsprotein production, argues against a compensatory in-
For visualization of chitin, diploid cells were grown for 24 hr at 23C,crease in GPI-GnT activity.
washed in water, and stained with calcofluor white (1 mg/ml) for 20The significance of GPI-GnT regulation by Ras is not
min. Cells were washed four times with water prior to fluorescence
yet clear. However, the dimorphic shift from the yeast microscopy using a Zeiss Axioskop fitted with a UV filter.
form to the filamentous form undoubtedly requires alter-
ations in the composition of the cell wall. Little is known Pulse-Chase Experiments for Gas1p Maturation
about the ways in which the Saccharomyces cell wall and GPI-Anchor Attachment
Radiolabeling and immunoprecipitation to measure Gas1p matura-is modified during filamentous/invasive growth aside
tion was performed as described previously (Su¨tterlin et al., 1997).from an increase in chitin content (Gancedo, 2001). We
Samples were separated by SDS-PAGE and analyzed and quantifiedpropose that Ras regulates changes in cell wall architec-
on Cyclone Storage Phosphor System (Packard). The percentageture through inhibition of the GPI-GnT, which would have
of mature Gas1p was determined by taking the ratio of the 125 kDa
the dual effect of decreasing GPI-anchor proteins at the mature form to the total signal (125 kDa form and 105 kDa ER form).
cell surface and increasing chitin by diverting the pool Immunoblot detection of Gas1 was carried out as described by
of UDP-GlcNAc from anchor production to chitin biosyn- Valdivieso et al. (2000). GPI anchor attachment was examined as
described (Su¨tterlin et al., 1997).thesis.
Chiu et al. (2002) demonstrated that signaling from
In Vitro Assays of GPI-GnT, Dol-P-Glucose Synthase,mammalian H-Ras and N-Ras is not restricted to the
and Dol-P-Mannose Synthaseplasma membrane as previously thought, but also pro-
For GPI-GnT activity, membranes were prepared and assayed forceeds from the Golgi. Signaling by H-Ras from the ER
in vitro synthesis of [14C]GlcNAc-PI as described by Scho¨nba¨chler
was also observed when a biosynthetic intermediate et al. (1995; Figure 4) or by a slight modification of the method of
was artificially trapped in that compartment. However, Costello and Orlean (1992) (see Supplemental Data available on Cell
the physiological significance of that observation re- website; Figure 7). The Dol-P-glucose synthase assay was done as
described by Maeda et al., (2000; Figure 4) or Orlean et al., (1988)mains unclear (Bivona and Philips, 2003). Our results
substituting UDP-Glc for GDP-Man (Figure 7). The Dol-P-mannosedemonstrate that yeast Ras uses the ER as a platform
synthase assay was done as described (Orlean et al., 1988). Lipidsfor signaling. Because the biosynthesis of GlcNAc-PI
were separated by thin layer chromatography (TLC) on Kieselgeloccurs on the cytoplasmic face of the ER (Kinoshita and
60 (Merck, Germany) in solvent system I (chloroform:methanol:1N
Inuoe, 2000), it is likely that Ras exerts its effect on the NH4OH [10:10:3 by volume]) for GPI early intermediates or solvent
GPI-GnT at this surface. The similarity between the yeast system II (chloroform:methanol:water [10:10:3 by vol]) for Dol-P-
and mammalian GPI-GnT complexes suggests the pos- glucose for Figure 4 and all products were resolved in a single
solvent system (chloroform:methanol:H2O [65:25:4 by volume] in Fig-sibility that the human enzyme may also be regulated
ure 7). Radiolabeled lipids were visualized by fluorography andby Ras.
quantified on a Cyclone Storage Phosphor System (Packard).
Experimental Procedures
Immunodetection of Eri1, Gpi2, and Ras2 in Complex
For detection of the Eri1-Gpi2 association, yeast strain 1788 wasStrains, Growth Conditions, and Transformations
cotransformed to uracil and leucine dual prototrophy with pYeF1::The S. cerevisiae strains used in this study are listed in Supplemental
Table S1 available at http://www.cell.com/cgi/content/full/117/5/ TRP1[ERI1] (expresses HAEri1 under the control of GAL1; Sobering
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et al., 2003) and either pRS425MET25[Flag-GPI2], or pRS425MET25- Gancedo, J.M. (2001). Control of pseudohyphae formation in Sac-
charomyces cerevisiae. FEMS Microbiol. Rev. 25, 107–123.[GPI2]. Transformants were precultured at 30C in YEP 2% raffinose
and induced for 4 hr in YEP 4% galactose, and extracts were pre- Gibbs, J.B., and Marshall, M.S. (1989). The ras oncogene—an impor-
pared as described previously (Sobering et al., 2003). For immuno- tant regulatory element in lower eukaryotic organisms. Microbiol.
precipitation of FlagGpi2, extract (500 g) was incubated with Anti- Rev. 53, 171–185.
Flag M2 Agarose beads (20 l) or protein A-sepharose (no antibody
Guarente, L., and Mason, T. (1983). Heme regulates transcription of
control) beads (in a 1:1 slurry; both from Sigma) in a buffer containing
the CYC1 gene of S. cerevisiae via an upstream activation site. Cell
50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 5 mM EDTA [pH 8.0], 5 mM
32, 1279–1286.
EGTA [pH 8.0], 50 mM KF, 30 mM Na2PPi [pH 7.5], 1 mM Na3VO4,
Gustin, M.C., Albertyn, J., Alexander, M., and Davenport, K. (1998).and 0.1% NP-40 at 4C for 1 hr with gentle agitation. Immunecom-
MAP kinase pathways in the yeast Saccharomyces cerevisiae. Mi-plexes were washed three times with the same buffer and solubilized
crobiol. Mol. Biol. Rev. 62, 1264–1300.in SDS sample buffer (final volume of 100 l). Samples were loaded
Hamburger, D., Egerton, M., and Riezman, H. (1995). Yeast Gaa1pwithout heating (heating caused FlagGpi2 to form aggregates), sepa-
is required for attachment of a completed GPI anchor onto proteins.rated on SDS-polyacrylamide gels (8%–16% gradient; Bio-Rad), and
J. Cell Biol. 129, 629–639.transferred to PVDF membranes for immunoblot detection of FlagGpi2
with anti-Flag M2 antibodies (Sigma) and of HAEri1 with anti-HA anti- Jones, E.W., Webb, G.C., and Hiller, M.A. (1997). Biogenesis and
bodies (12CA5; BabCo). function of the yeast vacuole. In Molecular Cellular Biology of the
For detection of the Gpi2-Ras2 association, strain 1788 was co- Yeast Saccharomyces cerevisiae. Pringle, J.R, Broach, J.R., and
transformed to tryptophan and uracil prototrophy with pGAL1::Flag- Jones, E.W., eds. (Cold Spring Harbor, NY: Cold Spring Harbor
GPI2 and pEGKG, pEGKG[RAS2], pEGKG[RAS2-G19V], or pEGKG Press), pp 363–470.
[RAS2-G19V,T42A] (Sobering et al., 2003). Transformants were in-
Kataoka, T., Powers, S., McGill, C., Fasano, O., Stratern, J., Broach,
duced as above and lysates were processed for affinity purification
J., and Wigler, M. (1984). Genetic analysis of yeast RAS1 and RAS2
and immunodetection of GST-Ras2 (Sobering et al., 2003) and immu-
genes. Cell 37, 437–445.
nodetection of FlagGpi2.
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